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ABSTRACT 
 
This doctoral thesis focused on the development of a novel and facile preparation 
method for palladium-contained perovskite SrTiO3 (denoted as Pd-STO), which has 
tunable morphologies and porosities via a low-temperature hydrothermal treatment 
(i.e. 373 K). The SrTiO3 perovskite has a Goldschmidt tolerance factor (t) of 1.00 
which is considered as the most ideal t value for the cubic structure. The perovskites 
with different particle sizes and porosities were prepared by simply adjusting the 
molar ratio of H2O/NH3 (ca. 5.0, 12.5, and 25.0) during the preparation of 
amorphous titania sphere (ATS) precursors. The ATS can serve both as the titanium 
(Ti) sources and as a self-template for perovskite morphologies. Other advantages 
of this method are including no need posterior calcination treatment (usually at 
>873 K) thus resulted in the material which has a relatively high surface area for 
perovskites (ca. >17 m2∙g1). Surface area and porosity play a critical role in 
heterogeneous catalysis due to their direct determination to active sites accessible 
for reactants. Moreover, this incorporation technique made a higher dispersion of 
Pd nanoparticles than those of the conventional Pd-impregnated catalysts (imp-
Pd/STO, imp-Pd/Al2O3, and imp-Pd/SiO2). The synthesized Pd-STO perovskite 
was then utilized as a heterogeneous catalyst for liquid-phase organic 
transformations including aerobic alcohol oxidations and Suzuki-Miyaura cross-
couplings. Noteworthy that the application of perovskite-based catalysts for liquid-
phase organic reactions is limited. 
In all cases, the mesoporous contained Pd-STO(12.5) showed superior catalytic 
performance compared to that of the other Pd-STO(x) catalysts (x= H2O/NH3). 
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Herein, the H2O/NH3 ratio plays an important role in determining the porosity and 
surface area of the resulting perovskites. Interestingly, the Pd-incorporated 
perovskite (Pd-STO) showed a better durability for such reactions compared to 
those of the Pd-impregnated catalysts (imp-Pd/STO, imp-Pd/Al2O3, and imp-
Pd/SiO2). Both liquid-phase organic transformations have smoothly proceeded at 
relatively mild conditions (342 K). The application in these organic syntheses is 
important for future developments of perovskite catalysts that are still commonly 
used in the gas-phase reactions at high temperatures. I believe this facile 
hydrothermal method of the Pd-STO perovskites can be applied for the fabrication 
of other transition metal-contained perovskite catalysts. Noteworthy that the 
perovskite structures are highly flexible in terms of can accommodate various 
metals in the A- and/or B-sites (around 90% of the natural metallic elements).  
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STRUCTURE OF THESIS 
 
The main part of this doctoral thesis is the development of a facile and novel 
hydrothermal method for the fabrication of perovskites with tunable morphologies 
and porosities. The readers of this thesis will be introduced first to the definition of 
perovskites, their physicochemical properties, and some conventional preparation 
methods. I will emphasize the advantages of the hydrothermal method in 
controlling perovskite porosities and morphologies. The utilizations of perovskites 
in many different research areas during the past centuries will be discussed briefly 
too. At the end of this section, the readers will be introduced to the incorporation of 
platinum group metals (PGM) into perovskite matrices that can maintain the high 
dispersion and durability, thus well known as ‘Intelligent Catalysts’. In this work, I 
focused on the fabrication of palladium-contained perovskite strontium-titanate 
(SrTiO3), or simply the Pd-STO, by a relatively low-temperature hydrothermal 
method without any posterior calcination. To the best of my knowledge, the SrTiO3 
has a Goldschmidt tolerance factor (t) of 1.00 which is considered as the most ideal 
t value for the perovskite cubic structure. Therefore, the formation of SrTiO3 phase 
is possible even at a very low temperature. The Pd-STO perovskites with different 
morphologies and porosities could be prepared using this facile method. These 
features are highly important in controlling the catalytic activity of perovskites for 
applications in heterogeneous catalysis. In the following chapters, I applied the Pd-
STO catalyst for several organic transformations such as aerobic alcohol oxidations 
and Suzuki-Miyaura cross-couplings.  
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This doctoral thesis mainly contains five chapters; a brief summary of each 
chapter is given below: 
1) Chapter 1 is the general introduction, providing background information and 
literature review related to the perovskite properties, conventional preparation 
methods, and their applications in heterogeneous catalysis.  
2) Chapter 2 describes the development of a novel and low-temperature 
hydrothermal method of Pd-STO perovskites with tunable porosities. 
3) Chapter 3 describes the catalytic performance and durability of the Pd-STO 
perovskites for aerobic alcohol oxidation. 
4) Chapter 4 describes the catalytic performance and durability of the Pd-STO 
perovskites for Suzuki-Miyaura cross-couplings. 
5) Chapter 5 contains Summary and Future Outlook. 
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Chapter 1 
General Introduction 
 
Abstract 
Perovskites are a very important class of mixed-metal compounds with an empirical 
formula of ABX3 (A= rare/alkaline or alkaline earth metals, B= transition metals, 
X= anions, usually oxygen or halides). Their physical and chemical properties can 
be easily modified by adjusting the composition stoichiometry or by employing an 
appropriate preparation treatment. Due to their unique structural flexibility, almost 
90% of the natural metallic elements can be accommodated into the perovskite 
frameworks that occupy solely or partially at the A- and/or B-sites, offering an 
accomplish vision in correlating to catalytic properties. Additionally, perovskites 
have a remarkable thermal and hydrothermal stability making them suitable 
materials as heterogeneous catalysts either for gas-phase reactions at an elevated 
temperature or “green” aqueous-phase reactions at a lower temperature. Perovskites 
are widely utilized in photovoltaics, lasers, light-emitting diodes, photoelectrolysis, 
sensing, superconductor, supercapacitors, and fuel cells. Despite they attracted 
much attention from researchers in the past decades, their conventional preparation 
methods (e.g. solid state and sol-gel) are still unsatisfactory due to the necessity of 
high-temperature calcination (>873 K). This chapter is organized into several 
sections: (1) a concise introduction to perovskite materials, (2) their 
physicochemical properties, (3) their conventional preparation methods, (4) their 
utilizations in heterogeneous catalysis, and (5) objective of this study.  
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1.1.Introduction 
Perovskite is a general name for mixed-metal compounds with an empirical 
formula of ABX3 (A= rare/alkaline or alkaline earth metals, B= transition metals, 
X= anions, usually oxygen or halides). It was originally derived from the natural 
mineral calcium titanate (CaTiO3) which is discovered by Gustav Rose, a German 
mineralogist, in the Ural Mountains of Russia in 1839. It was named after a 
prominent Russian mineralogist, Lev von Perovski (17921856) [1]. Perovskites 
are low-cost materials with high thermal and hydrothermal stabilities and 
controllable physicochemical properties by simply adjusting the composition of the 
A- and/or B-sites. In the ideal cubic unit cell of perovskite, the body center site is 
occupied by atom B (transition metals), while the corner site is occupied by atom 
A (rare/alkaline or alkaline earth metals), and the face-centered positions are 
occupied by anions (perovskite oxides are denoted as ABO3) (Fig. 1.1). This 
exceptionally compact arrangement, i.e. the 6-fold coordination number of the B 
cation and 12-fold coordination number of the A cation, contributes to their high 
thermal stability. At different temperatures and particular ABX3 compositions, the 
ideal cubic structure may undergo some distortions to form hexagonal, 
rhombohedral, orthorhombic, and tetragonal structures (Fig. 1.2) [2].  
 
Fig. 1.1 The atomic configuration in the cubic unit cell of perovskite ABO3 [2]. 
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Victor Moritz Goldschmidt (18881947) is considered as one of the most 
prominent pioneers on the elucidation of perovskite structures [3]. He contributed 
to some of the early synthetic methods for perovskites. He also originally 
introduced the principle of tolerance factor t, which can be correlated to the 
perovskite structure and its stability at room temperature. The Goldschmidt’s 
tolerance factor (t) can be depicted as follows. 
t = (rA + rO) / [√2 (rB + rO)] 
The ionic radii of the A and B cations are denoted as rA and rB, respectively (Table 
1.2), while the ionic radius of the oxygen anion is denoted as rO (1.26 Å) . 
Hexagonal structure is usually formed if the A-cation is too big or the B-cation is 
too small, while orthorhombic/rhombohedral structures are formed if the A-cation 
is too small to fit into the B-cation interstices. Cubic structure has an ideal size of 
the A- and B-cations (Table 1.1). Some deviations may take place from the ideal 
cubic structure such as enlargement/shrinking of the unit cell or reconstruction into 
the other abovementioned structures, frequently caused by partial substitution at A- 
and/or B-sites and the heating treatment. The Goldschmidt’s tolerance factor (t) was 
also found to be applicable to perovskite-like structures such as perovskite halide 
(ABX3) and double-perovskite (A2BO4).  
Table 1.1 The examples of perovskite structures [14] 
Perovskite structure Goldschmidt t factor Examples  
Cubic 0.90 < t ≤ 1.00 SrTiO3, BaTiO3 (>393 K) 
Hexagonal 1.00 < t < 1.13 BaNiO3  
Rhombohedral 0.71 < t < 0.90 LaAlO3, LaNiO3, LaCoO3, BaFeO3 
Orthorhombic 0.71 < t < 0.90 GdFeO3, CaTiO3, LaRhO3 
Trigonal  t < 0.71 FeTiO3 
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Fig. 1.2 The common unit cells of perovskite ABO3. In the cubic unit cell, A-cation 
is represented by the violet balls, B-cation (the smallest one) is represented by the 
yellow ball, and oxygen anions are represented by the red balls [1]. 
Table 1.2 List of ionic radii of the A- and B- cations in the ABO3 perovskites 
A-site (dodecahedral) B-site (octahedral) 
cation radius (Å)a radius (Å)b cation radius (Å)a radius (Å)b 
Na+ 1.06 1.32 (IX) Fe3+ 0.64 0.64 
K+ 1.45 1.60 Mn3+ 0.66 0.65 
Rb+ 1.61 1.73 V3+ 0.74 0.64 
Ag+ 1.40 1.30 (VIII) Zn2+ 0.74 0.75 
Ca2+ 1.08 1.35 Ti3+ 0.76 0.67 
Sr2+ 1.23 1.44 Li+ 0.68 0.74 
Ba2+ 1.46 1.60 Cr3+ 0.70 0.62 
Pb2+ 1.29 1.49 Mg2+ 0.66 0.72 
La3+ 1.22 1.32 Cu2+ 0.72 0.73 
Pr3+ 1.10 1.14 (VIII) Co3+ (LS)  0.52 
Nd2+ 1.09 1.12 (VIII) Co3+ (HS) 0.63 0.61 
Bi3+ 1.07 1.11 (VIII) Ni3+ (LS)  0.56 
Ce4+ 1.02 0.97 (VIII) Ni3+ (HS) 0.62 0.60 
Th4+ 1.09 1.04 (VIII) Rh3+ 0.68 0.66 
   Pd4+ 0.76 0.76 
   Mo6+ 0.62 0.60 
   W6+ 0.62 0.60 
   Pt4+ 0.65 0.63 
   Nb5+ 0.69 0.64 
   Ti4+ 0.68 0.60 
   Mn4+ 0.56 0.54 
aFrom ref [5]. bFrom ref [6].  Ru4+ 0.67 0.62 
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Fig. 1.3 Self-reincorporation of Pd catalyst into the perovskite lattices [7], [8]. 
The high thermal and hydrothermal stabilities of perovskites making them 
suitable materials as heterogeneous catalysts either for gas-phase reactions at an 
elevated temperature or ‘green’ aqueous-phase reactions at milder conditions. Their 
physical and chemical properties can be modified to meet the provision for catalysis 
by simply adjusting the composition stoichiometry or by employing an appropriate 
preparation treatment. Due to their unique structural flexibility, almost 90% of the 
natural metallic elements can be accommodated into the perovskite framework that 
occupy solely or partially at the A- and/or B-sites without destroying the structures 
[9]. For example, an appropriate change in the perovskite composition (i.e., partial 
substitution at the B-sites with platinum group metals (PGM)) can lead to various 
and interesting magnetic, (thermo)electric, piezoelectric and catalytic properties 
[10],[11]. The durability of PGM nanoparticles can be maintained by the 
incorporation into perovskite matrices due to the strong metal-support interaction 
(SMSI). For example, Pd on perovskite could be reversibly reincorporated into the 
lattice, which is referred to as an ‘Intelligent Catalyst’ [8], thus maintaining high 
dispersion and preventing leaching or aggregation, instead of on conventional 
supports (Fig. 1.3).  
Pd salts
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1.2.Typical Properties of Perovskites 
 
Fig. 1.4 General applications of perovskites in solar cells, superconductivity, solid-
state devices, ion diffuser, and catalysis [30]. 
The ABO3 perovskites can be applied in various fields (Fig. 1.4) since they 
display several interesting physicochemical properties such as lithium-ion mobility 
((Li,La)TiO3), solid oxide fuel cells or SOFC (LaGaO3), superconductivity 
(La0.9Sr0.1CuO3), ferroelectricity (PbTiO3), electrical conductivity (SrFeO3, 
LaCoO3), and photo-catalytic (NaTaO3, SrTiO3) properties [12]. The partial 
substitutions at the A- and/or B-cations are often lead to unique and sometimes 
totally different properties from their perovskite counterparts [13]. Perovskite 
titanates (ATiO3, A= rare/alkaline or alkaline earth metals) showed several unique 
physicochemical properties such as superconductivity, ferroelectricity, magnetism, 
and (photo)catalysis. Particularly, strontium titanate (SrTiO3 or STO for simply) is 
frequently used as n-type semiconductor, photoanode, and photocatalyst for the 
third-generation mesoscopic solar cells [19]. A rhodium-doped SrTiO3 (Rh-STO) 
is one of the rare oxides that exhibit a high efficiency for water splitting [26]. 
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1.2.1. Redox properties 
Perovskites are one of the most interesting low-cost materials for catalytic 
applications because of their high thermal stability and unique reduction-oxidation 
(redox) properties. Non-stoichiometry (defects) at the A- and/or B-cation as well as 
at the oxygen vacancy are frequent in the perovskite structures. Among the atomic 
deficiencies, oxygen vacancy is the most common phenomena and often beneficial 
for the perovskite utilizations. In many cases, the ideal cubic perovskites show a 
negligible ionic conductivity because of their rigid ABO3 structure, yet it is 
significantly increased by the partial cationic substitution at the A- and/or B-sites. 
Noteworthy that the oxygen vacancy can also be produced by thermal or photon 
energy which allows for the conduction of oxygen ion as observed on the perovskite 
La0.6Sr0.4Cr1-xCoxO3- (Fig. 1.5). This versatile and tunable non-stoichiometry is 
important for applications in batteries components, fuel cell or photovoltaic 
electrode materials, and catalysis.  
 
Fig. 1.5 Schematic for the catalytic splitting of H2O and CO2 by the perovskite with 
an exchangeable non-stoichiometry [15]. 
1.2.2. Acid-base properties 
Unlike the redox properties of perovskites that have been extensively studied 
and widely known for decades, their acid-base properties are on the contrary remain 
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largely unknown. Therefore, in addition to the consideration of redox properties, 
future development of perovskites in catalysis should also be made to take 
advantage of their surface acid-base functionality, especially for organic 
transformations in Green Chemistry. Several organic transformations that took 
advantage of this acid-base properties are including alkylation, esterification, 
ketonization, and aldol condensation. Generally, the A-site of perovskites 
(rare/alkaline or alkaline earth metals) is considered as a weak acidic center, while 
the B-site (transition metals) is a stronger acidic center. The oxygen anions of the 
perovskites are considered as a basic center. This acid-base functionality is 
conventionally characterized by studying the interaction with probe molecules (i.e. 
pyridine, NH3, and CO2) to measure the acid/base density, strength, and type of 
adsorption sites. The traditional techniques to measure the acidity/basicity of 
perovskites are including sites titration with Hammet indicators (i.e. titration with 
n-butylamine for acidity and with benzoic acid for basicity), adsorption 
microcalorimetry, and probe pyridine adsorption by Fourier-transform infrared 
spectroscopy (FTIR). Other techniques are including X-ray photoelectron 
spectroscopy (XPS) and temperature-programmed desorption/reduction 
(TPD/TPR) [16]. The XPS technique can be used to evaluate the enrichment of 
surface oxygen or other components of perovskite, and also the orientation of probe 
molecules. Table 1.3 shows the surface density of acid and base on the selected 
perovskite oxides, which is determined by the NH3- and CO2-TPD, respectively. 
The surface acid/base densities are varied by modifying the A- and/or B-sites. 
Herein, strontium titanate (SrTiO3) has the highest surface density of acid (0.42 
mol∙m2) and base (3.47 mol∙m2) among the others. Overall, the values of 
surface base density are much higher than acid density by 48 times. 
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Table 1.3 The surface acid-base density of the selected perovskites [17] 
perovskite acid site (mol∙m2) base site (mol∙m2) base/acid ratio 
SrZrO3 0.35 2.78 7.94 
SrTiO3 0.42 3.47 8.26 
BaZrO3 0.26 2.11 8.12 
BaTiO3 0.29 1.25 4.31 
Pyridine is a routine probe molecule in the FTIR adsorption technique for 
determination of the acid strength on perovskite surfaces. For example, the 
adsorbed pyridine on LaMnO3 and LaFeO3 showed three characteristic FTIR bands 
at 1440, 1490, and 1595 cm1. LaCrO3 also showed the identical bands but of lower 
intensity suggesting less amount of Lewis acidic sites [12]. The FTIR spectra of the 
adsorbed pyridine on the perovskite surfaces (e.g. SrTiO3, SrZrO3, BaTiO3, and 
BaZrO3) usually have two major peaks at around 1443 and 1595 cm
1 (Fig. 1.6). 
As a comparison, η-Al2O3 which has stronger Lewis acidic sites showed the bands 
at higher wavenumber values of 1595, 1613, and 1623 cm1. Thus, most of the 
Lewis acidic sites on the perovskite catalysts are weaker Lewis acidic sites. The 
absence of band at around 1540 cm1 indicates that no apparent Brønsted acid sites 
are present on these perovskite surfaces [17]. The FTIR spectra of the adsorbed CO2 
on the selected perovskites are shown in Fig. 1.6 B. The presence of bands at which 
are assigned to the adsorption mode of bidentate (at around 1297 and 1632 cm1) 
and unidentate (at around 1343 and 1578 cm1) suggested that the surface of 
perovskites is dominated by oxygen atoms. The absence of bicarbonate adsorption 
mode (1225 cm1) implies that the basic surface hydroxyl groups are not present on 
these perovskites.  
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Fig. 1.6 FTIR adsorption spectra of (A) pyridine and (B) CO2 on perovskite surfaces 
at 423 K and 298 K, respectively [17]. 
1.2.3. Morphology and porosity 
Well-defined morphology and porous network are crucial features for the 
application of perovskites in heterogeneous catalysis. The conventional solid-state 
method requires a high-temperature (>1300 K) and long-time calcination treatment. 
This condition results in grain growth and low specific surface area, making them 
unsuitable for catalytic applications. In general, this method yielded perovskites 
with very large particle sizes and low specific surface areas (< 2.5 m2∙g1) [18]. 
Another major drawback of this method is the low purity of the resulting 
perovskites [12]. By changing the perovskite compositions or modifying the 
preparation methods, the researchers can synthesize the perovskites with different 
surface morphologies as shown in Fig. 1.7. The addition of a structure-directing 
agent such as dodecylamine (DDA) may also produce perovskite with various 
shapes and porosities (hollow structure). The perovskite porosities are very 
important for achieving an improved catalytic activity in terms of mass transfer and 
exposure of the active species to the substrates. Perovskite catalysts with different 
surface reconstruction may also present different activity and selectivity [17].  
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Fig. 1.7 SEM and TEM images of perovskite SrTiO3 with different surface 
morphologies: (A) cube, (B) truncated, (C) dodecahedra, and (D) etched cube [17]. 
 
Foo et al. [17] reported that perovskite SrTiO3 (STO) with distinct crystal 
facets may exhibit different catalytic activities for ethanol dehydrogenation. The 
activity trend of the STO catalyst for such reaction is cube < truncated < etched 
cube < dodecahedra. Additionally, the trend is comparable with the strength of acid 
sites but reversely with the strength of basic sites. Therefore, the exposure of active 
species on the surfaces (A- and/or B-sites or oxygen anion) is extremely essential 
for tuning the activity or selectivity of perovskite catalysts. It was also reported that 
the catalytic activity of perovskite LaMnO3 was accordingly boosted by increasing 
the specific surface area due to the higher amount of adsorbed oxygen species. 
1.3.Conventional Methods for Perovskite Fabrication 
Various strategies have been developed for the synthesis of perovskite 
materials. The solid-state reaction is the first and most widely used synthetic 
method for perovskites. This method has several drawbacks such as inhomogeneity 
and uncontrollable morphologies due to the extensive grinding and heating 
treatments. Since the 1970s, many researchers have tried to modify the solid-state 
method to resolve the above-mentioned issues but it seems not effectively 
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accomplished. The main efforts were thus made to enhance the specific surface area 
and porosity of the perovskites, resulting in the development of more efficient 
synthesis routes such as coprecipitation, sol-gel, freeze/spray drying, as well as 
hydrothermal methods [4] which will be explained in the following sections. The 
different methods employed for the preparation of perovskite materials have a 
significant impact on their specific surface area, the porosity, the size/shape of 
particles, as well as their purity [21]. 
Table 1.4 Representative properties of perovskites derived from the different 
synthetic routes [22] 
Synthesis 
methods 
Particle 
size 
Agglom
eration 
Purity Precursors Calcination Observation 
Solid state 
reaction 
>1000 nm High Poor Oxides, 
hydroxides and 
inorganic salts 
1673 K Laborious mechanical 
milling and mixing of the 
precursors required 
Co-precipitation >100 nm High High Hydroxides, 
inorganic salts, 
and alkoxides 
1073 K Washing steps may cause 
deficiency of specific 
cations 
Sol-gel (Pechini 
method) 
>10 nm Moder
ate 
Excellent Nitrates 1273 K Accurate control of the final 
material composition 
Hydrothermal >100 nm Low Very high Hydroxides and 
salts 
No calcination Requires high pressures (up 
to 15 MPa) inside the 
pressure vessel 
Spray and 
freeze drying 
>10 nm Low Excellent Organic and 
inorganic salts 
1173 K High control of the particle 
morphology 
Spray pyrolysis >100 Low High  Inorganic salts 1273 K Fine particles are typically 
spherical and agglomerate-
free 
1.3.1. Solid state process 
This method is considered as the oldest and most conventional synthetic 
method for perovskites. It consists of the mechanical mixing of powder oxides, 
carbonates, or salts, followed by calcination at an elevated temperature typically 
around 1473 K in prolong time (824 h). This heat treatment results in the sintering 
of perovskite particles which turn leads to large grain size and low surface area. In 
this method, the precursor powder particles undergo extensive milling and mixing 
which is an energy-intensive process [22]. The reactions tend to occur at the 
interface of the mixed solids as ions diffuse from the bulk to the interface between 
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particles, as shown in Fig. 1.8. The perovskites resulted from this conventional 
method are often lack of purity (i.e. high content of impurities) and have a very low 
specific surface (<  m2∙g1).  
 
Fig. 1.8 Schematic perovskite formation on the interfaces of precursors during the 
solid-state reactions [22]. 
1.3.2. Co-precipitation 
The principle of this method is precipitation of mixed metal species in a 
supersaturation condition which is achieved by the addition of a precipitation agent 
such as NH3, NaOH, amine, etc. The obtained precipitate then dried to remove any 
remaining solvents followed by calcination at a high temperature. A general 
schematic for this co-precipitation method is shown in Fig. 1.9. The typical 
precursors for this solution method are metal nitrates which are highly soluble in 
water solvent. We carefully need to adjust some important parameters such as pH, 
concentration, mixing rate, and temperature to obtain perovskites with high purity. 
The resulting precipitates are collected, rinsed with water, and finally heated at high 
temperature. Compared to the solid-state method, this solution method is preferable 
due to the lack of an extensive grinding for obtaining the high homogeneity. 
Unfortunately, it is difficult to control the chemical composition of multicomponent 
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perovskites due to the formation of soluble metal-amine complexes and the loss of 
specific cation during the washing step [21], [22]. 
 
Fig. 1.9 General schematic of the co-precipitation method [22]. 
1.3.3. Sol-gel (Complexation) 
The sol-gel method is one of the well-established approaches for the synthesis 
of metal oxides. Generally, the sol-gel method refers to the evolution of colloidal 
solution (sol) into a gel-like biphasic system by the formation of three dimensional-
networks of metal cations. The general schematic steps of this method are shown 
in Fig. 1.10. Typically, an aqueous solution of metal alkoxides is mixed with a 
chelating agent such as ethylene glycol, ethylenediaminetetraacetic acid (EDTA), 
or citric acid. Chelating agents are used to minimize the segregation of perovskite 
particles. Heating treatment at an appropriate temperature (423) leads to the 
condensation reaction involving COOH and OH groups of the chelating agent, 
which leads to the formation of a polyester ‘‘resin”, in which the metal cations are 
distributed uniformly in the gel-like matrices. 
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Fig. 1.10 General schematic of the sol-gel method [21]. 
The chelating agents were usually added in an excess amount to ensure that all 
metal cations are strongly bonded in the network matrices. This method also 
requires a lower calcination temperature compared to the ceramic method (solid-
state). This method is usually applied for the synthesis of perovskite aluminates and 
titanates [23], but its application is limited due to instability of most rare/alkaline 
earth cation complexes with the chelating agents thus it is difficult to control the 
chemical composition of complex oxides. A process related to the sol-gel route is 
the Pechini method (chelating agents: citric acid/ethylene glycol), named after an 
American chemist Maggio Pechini in 1967. The Pechini synthesis allows the 
utilization of metal salts, hydroxides, and carbonates as the precursors instead of 
metal alkoxides. Nowadays, many researchers have modified the Pechini method 
by replacing citric acid with other di-, tri- or tetra-carboxylic acids and ethylene 
glycol with polyols in an aqueous solution [24].  
1.3.4. Hydrothermal crystallization 
The hydrothermal method is considered as one of the most attractive routes for 
the fabrication of metal oxides including perovskites. The term ‘hydrothermal’ 
originally refers to the crystallization of minerals in aqueous media at an elevated 
temperature and pressure that occurs on the Earth's crust. The crystallization 
process is carried out at an autogenous pressure, achieved by the saturated vapor 
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pressure of water. Under such conditions, the solubility of precursors may be quite 
different compared to those of at ambient conditions [25]. Solvothermal synthesis 
is the common name for the hydrothermal technique when water is replaced by an 
organic or mixed organic-water solvent. However, when an organic solvent with a 
high boiling point is used, the application of pressure is not always needed.  
Among the abovementioned alternative techniques for perovskite fabrications, 
the hydrothermal synthesis has two main advantages: (a) it enables the preparation 
of very pure and extremely fine powders with a remarkable surface area in a single 
step without the need of an additional annealing treatment to induce or improve 
crystallinity and, even more importantly, (b) the particle size and morphology can 
be easily tuned and controlled by modifying the crystallization temperature, 
reaction time, precursor nature, precursor concentration or by adding growth 
modifiers such as polar organic molecules and hydrophilic polymers [26].  
 
Fig. 1.11 Hydrothermal crystallization mechanisms proposed for barium titanate: 
(a) the crystallization occurs at the surface of the partially dissolved TiO2 particles, 
(b) the crystallization occurs in the homogeneous solution [27, 28]. 
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The two contrast mechanisms were proposed for the formation of perovskite 
BaTiO3 during the hydrothermal treatment, as shown in Fig. 1.11. In the first 
proposed mechanism (a), the crystallization occurs on the surface of TiO2 
precursors which is less dissolved in the reaction medium. The barium ions can 
continuously penetrate the TiO2 particles (core-shell type) to form perovskite 
BaTiO3. The crystalline TiO2 (anatase or rutile) is frequently used as the precursor 
but requires a higher temperature of 473 K to penetrate it. In this case, TiO2 can act 
both as the B-site source and morphological template for the BaTiO3 perovskite. In 
the second mechanism (b), both precursors are considered to be completely 
dissolved thus the crystallization occurs in a homogeneous solution. Both 
mechanisms may occur simultaneously, depending on reaction conditions, one may 
predominate over another [27, 28]. 
 
Fig. 1.12 Illustration of the formation mechanisms for perovskite titanate, solid (s-
SrTiO3) and hollow (h-SrTiO3) spheres [19]. 
Fig. 1.12 shows the schematic representation for the formation of perovskite 
SrTiO3 with different porosities, namely solid and hollow microspheres (s-/h-
SrTiO3, respectively). Herein, the researchers firstly synthesized the amorphous 
hydrous titania solid spheres (AHTSS) with different structure-directing agents 
(SDA), i.e. dodecylamine (DDA) and ammonia, as the template for perovskite 
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formations. The application of these SDAs resulted in perovskites with different 
porosities, namely hollow- (by using DDA) and solid- (by using ammonia) SrTiO3 
perovskites after the hydrothermal reaction at 413 K followed by calcination 
treatment at 723 K for 4 h. This approach leads to the improvement of 
photocatalytic activity for oxygen evolution (s-SrTiO3= 8.72 mol∙h1, h-SrTiO3= 
6.14 mol∙h1) compared to those of the conventional SrTiO3 (4.81 mol∙h1). 
Finally, morphology and porosity of the perovskites can be easily controlled in the 
hydrothermal synthesis, and these features are important for obtaining perovskites 
with an improved catalytic performance [19]. 
1.4.Perovskites in Catalysis  
Perovskites have potential catalytic applications either for high-temperature 
gas-phase reactions, or liquid reactions at low temperatures due to their high 
thermal and hydrothermal stability, excellent oxygen mobility, good redox ability, 
as well as a wide range of stoichiometries and crystal structures. Among the 
parameters affecting the catalytic activity, the textural properties (morphology and 
porosity) play an important role due to its direct determination to active sites 
accessible for reactants [29].  
 
Fig. 1.13 Catalyst design of perovskites for liquid-phase organic syntheses [21]. 
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Perovskites are one of the most studied mixed metal-oxides in the field of 
heterogeneous catalysis. The first application of perovskites in the heterogeneous 
catalysis can be trace back at the beginning of the 1970s, reporting a notable 
catalytic activity of perovskite Sr0.2La0.8CoO3 for CO oxidation and NOx reduction 
in the catalytic converters. Nowadays, perovskites are undoubtedly considered as 
promising alternatives for the noble metal catalysts, especially in automotive 
exhaust combustions, mainly due to their ease of synthesis and low-cost precursors. 
Additionally, their structure flexibility in accommodating various (partial)-
substituents allows us to tailor their catalytic properties for targeting more 
appropriate and wide applications [4]. 
 
Scheme 1.1 Typical liquid-phase organic reactions by perovskite-based catalysts. 
26 
 
Since the first application of perovskite in catalysis in the 1970s, a great number 
of publications using perovskites as heterogeneous catalysts has emerged. 
Perovskite-based heterogeneous catalysts have been widely used for gas-phase 
reactions such as methane combustion, CO and NOx decomposition, water-gas shift, 
and photocatalytic water splitting. However, the applications of perovskites in 
liquid-phase organic reactions for Green Chemistry have been limited (Scheme 1.1) 
[21]. Also, the catalytic properties of perovskites are mainly associated with their 
redox properties, but not to their acid-base properties. Because of the structural 
features such as the high thermal and hydrothermal stability, perovskites can be 
applied to various types of reactions, either gas or solid reactions conducted at high 
temperature or liquid reactions conducted at room temperature, and even those 
conducted under irradiation conditions. Although perovskites have not yet been 
applied in industry up to date and there is still a long way to walk on before their 
commercialization, their easy availability, wide applicability, and especially 
controllable physicochemical properties enable them promising materials for 
investigation in catalysis [9]. 
 
Fig. 1.14 Self-regenerative PGM-contained perovskite “Intelligent Catalyst” [7],[8]. 
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As mentioned above, perovskites are potential materials for catalytic reactions 
because of their high thermal stability and controllable redox, morphology, and 
acid-base properties. Interestingly, the utilization of perovskite as a support for 
PGM catalyst could enhance the durability and maintained the high dispersion 
through a reversible re-incorporation of PGM into perovskite matrices (Fig. 1.14). 
Based on the advantages of perovskite properties above, the application of highly 
stable perovskite-based catalysts is interesting for organic synthesis. Herein, our 
strategy is to fabricate the palladium-contained perovskite strontium-titanate (Pd-
STO) with tunable porosities via a low-temperature hydrothermal method (373 K). 
The mesoporous-contained Pd-STO catalyst showed superior catalytic performance 
and remarkable recyclability than those of the conventional catalysts for liquid-
phase alcohol oxidations and Suzuki-Miyaura cross-couplings. 
1.5.Objective of Study 
The main objectives of this thesis are: 
1) To develop a novel preparation method for Pd-contained perovskite SrTiO3 (Pd-
STO) with tunable morphologies via a low-temperature hydrothermal treatment. 
2) To investigate the catalytic performance and durability of the synthesized Pd-
STO in aerobic alcohol oxidations at mild conditions. 
3) To evaluate the catalytic performance and durability of the synthesized Pd-STO 
for Suzuki-Miyaura cross-coupling reactions in an aqueous solution. 
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Chapter 2 
Hydrothermal Synthesis of Pd-Perovskite 
 
Abstract 
Herein, I successfully developed a novel preparation method for palladium-
containing perovskite strontium titanate (Pd-STO) without any posterior calcination 
treatment. To the best of my knowledge, this is the first time the Pd-STO perovskite 
with tunable morphologies could be easily prepared using a low-temperature 
hydrothermal method (i.e., 373 K). For example, the particle size and porosity of 
the STO perovskite could be tuned by changing the molar ratio of H2O/NH3 (e.g., 
5.0, 12.5 and 25.0) during the preparation of the amorphous titania sources. The 
mesoporous contained Pd-STO(12.5) has the highest specific surface area among 
the other Pd-STO(x) perovskites. The Pd-incorporated perovskite also has a higher 
Pd dispersion than those of the Pd-impregnated catalyst. 
2.1. Introduction 
Various platinum group metals (PGM) have been reported as highly active 
heterogeneous catalysts for many organic reactions. However, some major 
problems did not completely solved such as leaching and sintering of the PGM 
species. The role of supports (e.g. carbon, silica, and alumina) in heterogeneous 
catalysis is frequently crucial for preventing the abovementioned major problems. 
Perovskite ABO3 oxides (A= rare/alkaline or alkaline earth metals, B= transition 
metals) are low-cost materials with high thermal stability and controllable 
physicochemical properties [1]. Appropriate changes in the perovskite composition 
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(i.e., partial substitution at B-sites with PGM) can lead to various and interesting 
magnetic, (thermo)electric, piezoelectric and catalytic properties [2]. The 
incorporation of a PGM into the perovskite lattice can also enhance its reusability. 
For example, Pd on perovskite could be reversibly reincorporated into the matrices, 
which is referred to as an “Intelligent Catalyst” [3], thus maintaining high 
dispersion and preventing leaching or aggregation, instead of on conventional 
supports. 
Pd-contained perovskite is usually prepared by conventional solid-state [4], co-
precipitation [5] and sol-gel (Pechini) [6] methods. Pechini method utilize citric 
acid/ethylene glycol as chelating agents, named after an American chemist Maggio 
Pechini in 1967. However, posterior calcination at a very high temperature (≥873 
K) is required in these conventional methods. In a previous report, we used a 
molten-salt method (873 K) for Pd-contained perovskite fabrication (i.e., Pd-STO, 
STO= SrTiO3). To the best my knowledge, the SrTiO3 perovskite has a 
Goldschmidt tolerance factor (t) of 1.00 which is considered as the most ideal t 
value for cubic structure. Therefore, the formation of SrTiO3 phase is possible even 
at a very low temperature. The surface area of the resulting Pd-STO was low (SBET 
≤11 m2∙g1), as commonly observed for perovskite, and almost inactive for the low-
temperature alcohol oxidation (353 K, yield: 12%) [7]. Unlike the abovementioned 
conventional methods, a hydrothermal method has been rarely studied for Pd-
contained perovskite fabrication [8]. The significant advantages of this method are 
the controlled size and morphology, low-temperature crystallization growth and no 
posterior calcination [9]. In the present work, we successfully synthesized a Pd-
STO perovskite with tunable porosity and high Pd dispersion by using a low-
temperature hydrothermal method (373 K) without any posterior calcination.  
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2.2.Experimental 
2.2.1. Chemicals 
PdCl2∙2NaCl∙3H2O (95%), aqueous NH3 (28%), 1-butanol (BuOH) (99%), 
acetonitrile (MeCN) (99.5%), Sr(OH)2∙8H2O (90%), ethanol (99.5%), and KOH 
(85%) was purchased from WAKO Chemicals. Ti(OBu)4 monomer (99%) was 
purchased from Kishida Chameleon Reagent. Standard solutions (1000 ppm) of Pd, 
K, Sr, and Ti were purchased from WAKO Chemicals. 
2.2.2. Preparation of the Pd-STO perovskite 
The amorphous titania spheres (ATSs) were prepared by the direct hydrolysis 
of Ti(OBu)4, as described in our previous reports [10]. Briefly, 1.7 g (5 mmol) of 
Ti(OBu)4 was dissolved in BuOH/MeCN (1:1 v/v) (Solution A). A quantity of 
aqueous NH3 and distilled water were also dissolved in BuOH/MeCN (1:1 v/v) 
(Solution B). The molar ratio of H2O/NH3 was varied at 5.0, 12.5 and 25.0. The 
ATSs are denoted as ATS(x) with x = H2O/NH3. The two solutions were preheated 
at 353 K for 10 min, then mixed all together and stirred for 30 min. A white 
suspension was immediately formed and precipitated. The white precipitate was 
rinsed with ethanol and water and then dried at 348 K overnight. 
Typically, the ATSs (2 mmol), Sr(OH)2∙8H2O (2 mmol), and Pd solution 
(0.028 mmol) were poured into a Teflon-lined autoclave (150 mL). Then, 20 mL of 
KOH 0.1 M and 80 mL of distilled water were also poured into the autoclave. 
Depending on the ATS sources, the perovskites were denoted as Pd-STO(x), with 
x = H2O/NH3. The mixture was homogenized under ultrasonic irradiation for 10 
min. The autoclave was placed into an oven for a hydrothermal reaction at 373 K 
for 24 h. The obtained brown powder was rinsed with HNO3 0.05 M and water, 
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then dried at 348 K overnight. The chemical composition of the Pd-STO(12.5) 
based on ICP-OES analysis was Pd1.0K0.5Sr78.5Ti85.6 (Pd: 0.64 wt%). For 
comparison, a wetness impregnated catalyst (imp-Pd/STO) was also prepared with 
equal Pd loading (in EtOH, 323 K, 24 h). 
2.2.3. Characterization 
The Pd-STO catalysts were characterized by a powder XRD MiniFlex Rigaku 
instrument (Cu K, = 1.5442 nm) with a Ni K filter. The XRD instrument 
operated at 40 kV and 15 mA with a scan rate of 10º min1 and a scan step of 0.1º. 
SEM images were obtained using an SEM JEOL JSM 6330F. N2 adsorption-
desorption isotherms were obtained at 77 K using a BELSORPmax instrument 
(BEL Japan). The samples were degassed at 423 K for 2 h prior to the measurement. 
TEM images were obtained using a Hitachi High-Tech H-7650 with an emissive 
gun, operated at 150 kV. Thermogravimetric (TG) analyses were performed on a 
Rigaku Thermo plus Evo TG 8120 under a N2 flow (250 mL∙min1) using Pt pans 
in the range of room temperature to 773 K (10 K∙min1). ICP-OES measurements 
were performed using a Thermo Scientific iCAP 7000 Series equipped with an 
Autosampler ASX-260 CETAC (Pd: 340.4589 nm, K: 766.4904 nm, Sr: 407.7718 
nm, Ti: 334.9411 nm). The samples were dissolved in HCl 0.1 M prior to analysis. 
2.3. Results and Discussion 
2.3.1. The amorphous titania sphere (ATS) template 
During the synthesis of amorphous titania sphere (ATS), the Ti(OBu)4 
precursor was firstly hydrolyzed by water in BuOH/MeCN solution to produce 
Ti(OH)4 monomer. It was reported that this hydrolysis step is remarkably fast even 
in the absence of any base [10]. In the absence of ammonia, no precipitate was 
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obtained because of a very slow condensation step of the Ti(OH)4 monomers 
(Scheme 2.1). On the other hand, the hydrolysis step was not proceeded in the 
absence of water resulting no formation of precipitate in the presence of solely NH3. 
Therefore, both water and NH3 are extremely important in this preparation steps. 
Herein, ammonia can act as condensation and precipitation accelerator, 
anticoagulant, and shape controller [10]. The surface of the growing hydrous titania 
particles can also be prevented from coagulation by ammonia resulting a highly 
spherical shape ATS particles. In addition, a mixed solvent of BuOH/MeCN may 
lowering the solubility of Ti(OH)4 monomer compared with those of its 
counterparts so thus accelerate the precipitation step. 
 
Scheme 2.1 Schematic hydrolysis and condensation reactions of Ti(OBu)4. 
Table 2.1 Surface area and porosity of the amorphous titania spheres (ATS) and 
Pd-STO perovskites 
Entry ATS(x)a 
Precursors /M SBET 
/m2∙g1 
Pore size /nm 
[Ti(OBu)4] [H2O] [NH3] micro- (MP) meso- (BJH) 
1 ATS(5.0) 0.05 0.50 0.10 294.0 0.90 
2 ATS(12.5) 0.05 0.25 0.02 379.0 0.90 78.01 
3 ATS(25.0) 0.05 0.50 0.02 267.0 0.80 
4 Pd-STO(5.0)    8.8 0.70  
5 Pd-STO(12.5)    17.3 0.70  
6 Pd-STO(25.0)    9.3 1.90  
a x= [H2O]/[NH3]
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In this study, the molar ratio of H2O/NH3 was set to different values during the 
preparation of ATS, i.e. 5.0, 12.5, and 25.0 (Table 2.1). Each ATS has different 
shapes, specific surface area, and porosity. From the SEM images (Fig. 2.1), it was 
clearly shown that all the ATS particles have spherical shapes. This spherical shapes 
of the ATS could also be observed on the TEM images (Fig. 2.2). High 
concentration of ammonia and/or water in ATS(5.0) and ATS(25.0), respectively, 
produce a highly spherical particles with an average diameter around 0.5 m, 
whereas the ATS with molar ratio H2O/NH3 of 12.5 has a larger particles (1.5 m) 
that contain mesoporous (ca. 78.01 nm). In the case of ATS(12.5), an appropriate 
H2O/NH3 ratio can lead to larger particles (i.e., reduced anticoagulant effect) and 
slower ATS growth, which allow the formation of mesoporous structures. All the 
ATS contained microporous structures (0.80.9 nm), as shown in the N2 isotherm 
plot (Fig. 2.3). Although the particle size of ATS(12.5) was relatively larger than 
the others, its specific surface area (SBET) was significantly higher (379 m
2∙g1) 
(Table 2.1) due to the presence of meso- and/or macroporous (Fig. 2.1b and Fig. 
2.2b). From the XRD analysis could be concluded that the structures of all ATS are 
amorphous (not shown). These ATSs were then used for the preparation of the Pd-
contained perovskite. 
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Fig. 2.1 SEM images of (a) ATS(5.0), (b) ATS(12.5), (c) ATS(25.0), (d) Pd-
STO(5.0), (e) Pd-STO(12.5) and (f) Pd-STO(25.0). Scale bar= 1 m. 
 
 
Fig. 2.2 TEM images of (a) ATS(5.0), (b) ATS(12.5), (c) ATS(25.0), (d) Pd-
STO(5.0), (e) Pd-STO(12.5) and (f) Pd-STO(25.0). Scale bar = 500 nm. 
500 nm 
(a) (b) (c) 
(e) (f) (d) 
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Fig. 2.3 N2 adsorption-desorption plot of the amorphous titania spheres 
(ATSs) and Pd-STO perovskites. 
2.3.2. Pd-incorporated SrTiO3 perovskite (Pd-STO) 
After the hydrothermal treatment at 373 K, the particle size and shape of the 
Pd-STO corresponded to the ATS sources (Fig. 2.2 d-f). In addition to the ATS 
sources, Pd-STO(12.5) also has the highest SBET (17.3 m
2∙g1). This value was quite 
higher than the value resulting from the molten-salt method (≤11 m2∙g1) [7]. 
Therefore, the H2O/NH3 ratio during ATS preparation is crucial for tuning the 
particle size and porosity of the resulting Pd-STO perovskites. All of the ATS 
sources could be used for perovskite formation, as shown in Fig. 2.4 c-e. The 
perovskite phase was confirmed and indexed to SrTiO3 (JCPDS card 35-734). The 
necessity of pressure during the hydrothermal process was confirmed, while the 
perovskite phase was not completely formed by the reflux method at 373 K (Fig. 
2.4b). Additionally, only TiO2 anatase was obtained in the absence of the Sr source 
(Fig. 2.4a). 
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Fig. 2.4 Powder XRD patterns of (a) KTO(12.5), (b) Pd-STO(12.5) prepared by 
reflux method (373 K), (c) Pd-STO(5.0), (d) Pd-STO(12.5) and (e) Pd-STO(25.0). 
X=SrCO3, O=TiO2 (anatase). 
2.3.3. Hydrothermal temperature and Pd loadings 
The Pd-STO perovskite could be obtained after a hydrothermal treatment at a 
relatively low temperature of 373 K (Fig. 2.5). To the best of our knowledge, this 
is the lowest hydrothermal temperature for Pd-contained perovskite fabrication with 
tunable particle size and porosity. An effort to lowering the hydrothermal 
temperature to 353 K was unsuccessful. There were no other phases observed, 
confirming the high purity of the resulting perovskites. Additionally, we also used 
commercial TiO2 anatase and rutile (not shown), but the perovskite phase was not 
formed, which proves the necessity of an amorphous titania source. Perovskite 
phase was presumably formed by the diffusion of Sr2+ cation into the ATS particles, 
which can block the porous structure thus the surface area was significantly dropped. 
The XRD peaks were slightly shifted to the higher degree by increasing the 
hydrothermal temperature (Fig. 2.5, Inset). 
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Fig. 2.5 Powder XRD patterns of Pd-STO(12.5) prepared at various hydrothermal 
temperature, (a) 353 K, (b) 373 K, (c) 393 K, (d) 413 K, and (e) 433 K. Pd loading: 
0.64 wt%. 
No appreciable shift in the perovskite reflections was observed by a small 
addition of Pd, but the crystallinity was significantly decreased (Fig. 2.6). I could 
not find any peak of PdO or Pd0 due to the low Pd feeding amount, very small 
crystallite size, or overlapping of its 2θ position with the perovskite (PdO 34º and 
Pd 40º) [11]. Even with a 10-fold increase in Pd, the XRD patterns remained 
unchanged. However, a small peak of PdO appeared after calcination at 923 K for 
6 h (but not for lower Pd loaded samples). Compared with the STO perovskite, Pd-
incorporated STO has XRD peaks that shifted to the higher 2 degree (Fig. 2.6, 
Inset). This shifting is presumably due to the incorporation of Pd into the A-site of 
STO perovskite. Yu et al. and Zhang et al. also observed the shifting into the higher 
2 degree on Sr0.95Cr0.05TiO3 and LaxCe1-xFeO3, respectively [12]. 
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Fig. 2.6 Powder XRD patterns of Pd-STO(12.5) with various Pd loading after a 
calcination at 923 K for 6 h. Pd loading: (a) 0, (b) 0.32 wt%, (c) 0.64 wt%, (d) 1.6 
wt%, (e) 3.2 wt% and (f) 6.4 wt%. The reflection of Pd0(111) was overlapped with 
the STO (111) at 2θ around 40º. 
Based on the ICP-OES analysis (Table 2.2), the amount of Pd in the Pd-
STO(12.5) was 0.06 mmol∙g1 (0.64 wt%). This value is quite low for detection 
using XRD or TEM. The ratio of Sr/Ti was approximately 1, which agrees with the 
ABO3 perovskite formula. The Pd-impregnated perovskite (imp-Pd/STO) showed 
an identical XRD pattern to the incorporated one. In TEM images with higher 
magnification (Fig. 2.7 a), the PdO or Pd0 particles could also not be seen due to 
the very well-dispersed particles or the incorporation of Pd into the perovskite. 
However, the PdO particles (2-5 nm) were clearly seen on the imp-Pd/STO (Fig. 
2.7 b). The XPS analysis showed that the oxidation state of Pd on the freshly 
prepared Pd-STO catalyst is partially 0 (metallic). The partial reduction of Pd 
species during the hydrothermal treatment is possibly by the remaining BuOH in 
the ATS sources.  
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Table 2.2 Chemical composition of the Pd-STO perovskites 
Entry Pd-STO(x)a 
Composition /mmol∙g1 
Pd K Sr Ti 
1 Pd-STO(5.0) 0.05 0.06 4.68 5.31 
2 Pd-STO(12.5) 0.06 0.03 4.71 5.14 
3 Pd-STO(25.0) 0.05 0.05 4.28 5.76 
4 STO(12.5)  0.03 5.18 5.92 
5b Pd-STO(12.5) 0.07 0.05 5.23 6.06 
6c Filtrate    
a x= [H2O]/[NH3].
 b After the third run.c The filtrate after the third run, cat: Pd-STO(12.5). 
 
 
Fig. 2.7 TEM images of (a) Pd-STO(12.5) and (b) imp-Pd/STO(12.5). Pd loading: 
0.64 wt%. Scale bar= 50 nm. 
2.4.Conclusion 
Pd-STO perovskites with a tunable porosity and high purity have been 
successfully synthesized via a low-temperature hydrothermal method (373 K) 
without any posterior calcination. The mesoporous contained Pd-STO(12.5) has the 
highest specific surface area among the other Pd-STO(x) perovskites. The Pd-
incorporated perovskite also has a higher Pd dispersion than those of Pd-
impregnated catalyst. I believe this facile method could also be applied for the 
fabrication of other transition metal-contained perovskite catalysts. 
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Chapter 3 
Application to Aerobic Alcohol Oxidation 
 
Abstract 
The mesoporous contained Pd-STO(12.5) showed superior catalytic performance 
compared to that of the other Pd-STO(x) (x= H2O/NH3) perovskites for alcohol 
oxidation with molecular oxygen as the oxidant. The reaction proceed smoothly at 
a relatively low temperature (342 K) under oxygen atmosphere (0.1 MPa). Both the 
refluxing of the non-polar solvents and addition of molecular sieves enhanced the 
reaction yield significantly. The molecular sieves seemingly eliminated the 
byproduct water that can be strongly adsorbed on the catalyst surface. The Pd-
incorporated perovskite (Pd-STO) showed better recyclability compared with that 
of the Pd-impregnated perovskite (imp-Pd/STO). 
3.1. Introduction 
The oxidation of alcohols to the corresponding carbonyl compounds is one of 
the most interesting transformations in organic synthesis. However, traditional 
oxidants are often toxic and release considerable amounts of by-products. As an 
alternative, oxygen (or even better air) is among the cheaper and less polluting 
stoichiometric oxidants, since it produces no waste or water as the sole by-product. 
The implementation of a transition metal-based catalyst in combination with 
oxygen represents an emerging alternative to the traditional procedures (Scheme 
3.1) [1].  
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Scheme 3.1 Metal-catalyzed alcohols oxidation to carbonyl compounds using 
oxygen or air as the green oxidant. 
The transformation of alcohols to carboxylic acids proceed via two consecutive 
oxidation steps as shown in Scheme 3.2. The attempts to prevent over-oxidation to 
carboxylic acids are crucial because the carbonyl compounds are important 
intermediates in organic synthesis. The adsorption of alcohols on the metal surfaces 
is believed to be the first step in this reactions, producing an adsorbed metal-
alkoxide. The second step is β-hydride elimination to promote the formation of 
carbonyl products and a metal hydride. Interestingly, the β-hydride elimination step 
has been proposed as the likely rate-determining step in alcohol oxidation. Last, the 
metal-hydride is oxidized by dioxygen to regenerate the metal surface. The 
oxidation of an aldehyde to carboxylic acid is believed to proceed through a geminal 
diol intermediate [2].  
 
Scheme 3.2 General pathway for aerobic oxidation of primary alcohol to carboxylic 
acid. 
Scheme 3.3 showed the simplified mechanism for the oxidation of alcohols 
over noble metals such as palladium (Pd). The first step is adsorption of the 
substrate alcohols on the surface of Pd, which leads to the formation of a metal 
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alkoxide and a metal hydride (i.e. oxidative addition) [3]. The rates for H/D 
abstraction from CH3OH and CH3OD (D= deuterium) over the PGM catalyst were 
almost the same, suggesting that inserting a metal atom into the O–H bond is not 
the rate-determining step. The adsorbed alkoxide species undergo β-hydride 
elimination, producing aldehydes or ketones (see Scheme 3.3, step II). In this step, 
the remarkable difference between the activation energies for the decomposition of 
CH3OH and CD3OH implies that the dissociation of a C–H bond in the adsorbed 
CH3O group is the rate-determining step [3]. 
 
Scheme 3.3 Oxidation of alcohol to the corresponding aldehyde over a Pd catalyst. 
In the present work, I successfully synthesized a Pd-STO perovskite with 
tunable particle size and porosity by using a low-temperature hydrothermal method 
(373 K) without any posterior calcination. The mesoporous-contained Pd-
STO(12.5) showed the highest catalytic activity for aerobic alcohol oxidation 
among the Pd-STO(x) (x = H2O/NH3) materials. I showed that a refluxing of the 
non-polar solvents (n-hexane, n-heptane and cyclohexane) and addition of 
molecular sieves were required for obtaining the high yield (>99%). The reaction 
proceed smoothly at a relatively low temperature (342 K) under oxygen atmosphere 
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(0.1 MPa). The incorporation of Pd into the perovskite enhanced its recyclability 
compared with that of the impregnated perovskite. 
3.2.Experimental 
3.2.1. Chemicals 
Benzyl alcohol (99%), 1-phenylethanol (98%), benzoin (98%), 1-octanol 
(98%),-cyclopropylbenzyl alcohol (99%), n-decane (99%), HNO3 (60%) and 
molecular sieve (MS3A) pellets 3A 1/16 (pre-activated at 593 K for 6 h) were 
purchased from WAKO Chemicals. Crotyl alcohol (>95%), 2-adamantanol (>98%), 
trans-2-hexenol (>95%), cyclooctanol (>98%), 4-tert-butylcyclohexanol (98%), 
and 2-octanol (98%) were purchased from TCI Chemicals. All solvents (WAKO: 
n-hexane (96%), cyclohexane (98%), n-heptane (97%), toluene (99.5%), DMF 
(99.5%), 2-propanol (99.7%), 1,4-dioxane (99.5%), TCI: trifluorotoluene) were 
distilled prior to use. 1-Cyclohexylethanol (97%) was purchased from Sigma 
Aldrich.  
3.2.2. Catalytic Test 
Pd-STO (12.5 mg), 1-phenylethanol (25 mg, 0.204 mmol), n-decane as an 
internal standard and n-hexane (2 mL) as the solvent were placed in a Schlenk flask 
equipped with reflux condenser, mechanical stirrer and balloon. The reaction was 
carried out at approximately the reflux temperature of n-hexane (342 K) under an 
O2 atmosphere (0.1 MPa) for 24 h. In some cases, molecular sieves 3A (MS3A) 
were placed into the reaction mixture.  
The reaction product composition was analyzed by GLC Shimadzu GC-14B 
(Restek Rt®-βDEXsm capillary column) using n-decane as an internal standard. 
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The catalytic activity and selectivity were calculated based on calibration curves 
technique by injection of corresponding authentic samples. Temperature of injector 
and detector ports were set at 483 K and 503 K, respectively. Temperature 
programmed oven start from 373 K and hold for 1 min. The temperature increased 
to 463 K with rate of 10 K∙min-1, then hold for 5 min (Substrate: 1-phenylethanol, 
benzyl alcohol, α-cyclopropylbenzyl alcohol, 1-cyclohexyl ethanol, cyclooctanol, 
2-octanol, 1-octanol, and 2-adamantanol). For the substrate benzoin, initial 
temperature was 393 K and hold for 1 min, then increased to 483 K with rate of 10 
K∙min-1 and hold for 5 min. For the other substrates (crotyl alcohol, trans-2-hexenol 
and 4-tert-butylcyclohexanol), initial temperature was 323 K and hold for 5 min, 
then increased to 373 K with rate of 10 K∙min-1 and hold for 5 min. TON (Turnover 
Number) was calculated from the molar ratio of the desired product (i.e., 
acetophenone) to Pd (based on ICP data). 
3.3.Results and Discussion 
3.3.1. Catalyst screening 
The catalytic activity of the Pd-STO was first tested on the oxidation of 1-
phenylethanol (1-PE) to acetophenone (AP) (Table 3.1). The best catalytic 
performance was shown by Pd-STO(12.5) with an AP yield of 63% and a turnover 
number (TON= AP/Pd) of 172 (entry 2). Pd-STO(5.0) and Pd-STO(25.0) only 
demonstrated AP yields of 31% and 54%, respectively. The presence of 
mesoporous or the higher surface area of Pd-STO(12.5) is likely responsible for this 
higher performance; even the particle size of the perovskite is much larger than that 
of the others (Fig. 2.2). Thus, further experiments were studied using the Pd-
STO(12.5) catalyst. STO itself did not show any catalytic activity under such 
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conditions. Pd-STO(12.5) as-prepared at a higher temperature (433 K) exhibited an 
AP yield of only 36% due to the higher degree of crystallization (i.e., drop in the 
surface area or porosity) (entry 4). 
 
Table 3.1 Catalyst screening for the Pd-STO perovskites 
Entry PdSTO(x)a Conv. /% Yield /%b TON 
1 PdSTO(5.0) 31 31 85 
2 PdSTO(12.5) 63 63 172 
3 PdSTO(25.0) 54 54 147 
4c PdSTO(12.5) 36 36 98 
5 STO(12.5) 0 0 0 
Reaction conditions: 1-PE/Pd= 273; 1-PE, 25 mg; Pd-STO(x), 12.5 mg; n-hexane, 2 mL; O2, 0.1 
MPa (balloon); 342 K; 24 h. a x=[H2O]/[NH3]. b The selectivity to AP is almost 100%. c The Pd-
STO(12.5) was prepared at 433 K (hydrothermal temperature). 
 
The as-prepared Pd-STO(12.5) catalyst demonstrated a maximum AP yield of 
only 63% (Table 3.2, entry 1). Interestingly, >99% of the yield (TON up to 1,070) 
could be obtained by the addition of molecular sieves (MS3A) into the reaction 
system (entry 2 and 3). MS3A itself did not show any catalytic activity under such 
conditions. I found that MS3A after reaction contained more water than that of the 
blank experiment (Fig. 3.1). This phenomenon is likely related to its ability to 
adsorb the water byproduct, thus inhibited the water adsorption on the perovskite 
catalyst surfaces (i.e., deactivation). Additionally, the unreacted alcohol substrate 
was found to be adsorbed on the molecular sieves (Fig. 3.1, >500 K). In the absence 
of MS3A, a small addition of water (0.03 g, 1.67 mmol) also decreased the AP yield 
by 11%. Besson et al. [4] reported that the presence of water can promote the 
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formation of geminal diol (by the hydration of aldehyde) which is subsequently 
dehydrogenated to acidic products. Instead, Steinhoff et al. [5] reported that the 
MS3A did not alter the influence of water but serves as a Brønsted base 
(Pd(OAc)2/pyridine catalyst). In fact, the addition of external water inhibited the 
reaction significantly (entry 5). Moreover, the addition of the base K2CO3 (without 
MS3A) did not enhance the reaction at all (entry 6). 
Table 3.2 Effect of the catalyst pretreatments 
Entry PdSTO(12.5) Conv. /% Yield /% TON 
1 As-prepared 63 63 172 
2a As-prepared >99 >99 273 
3b As-prepared 98 98 1,070 
4c As-prepared 79 79 216 
5d As-prepared 75 75 205 
6e As-prepared 54 54 147 
7 Calcined 37 37 101 
8 Reduced 89 85 232 
Reaction conditions: 1-PE/Pd=273; 1-PE, 25 mg; Pd-STO(12.5), 12.5 mg; n-hexane, 2 mL; O2, 
0.1 MPa (balloon); 342 K; 24 h. Addition of: a MS3A, 100 mg. b MS3A, 100 mg; 1-PE/Pd= 
1,092. c MS3A, 50 mg. d MS3A, 100 mg; water, 0.25 mL. e K2CO3, 100 mg. 
 
 
Fig. 3.1 Thermogravimetric (TG) plot of the spent molecular sieves after reaction 
in the presence of Pd-STO (solid line; m lost at 378 K= 4.26%) and blank 
experiment (dash line; m lost= 4.03%). 
52 
 
As expected, the calcined Pd-STO catalyst (923 K, 6 h, air) showed lower 
performance (Table 3.2, entry 7) due to a higher degree of crystallization, similar 
to the catalyst prepared at a higher hydrothermal temperature. Conversely, the 
reduction of the catalyst (573 K, 1 h, H2) enhanced the reaction significantly (entry 
8). The use of ethylene glycol (as a reducing agent) in the hydrothermal process 
also increased the catalytic activity (not shown). This result is consistent with the 
previous reports that suggested that Pd0 is the active phase [6], [7]. However, a 
small amount of degradation products (e.g., decarbonylation) may be produced due 
to the considerable initial activity of the pre-reduced catalyst [6]. The reduction 
process at high temperature could also promote the sintering of Pd0; thus, it is more 
difficult to reincorporate (lessen the recyclability). For the as-prepared catalyst, 
smaller particles of Pd0 could be generated by the in situ reduction of the substrate 
alcohols [7]. 
3.3.2. Solvent screening, reaction temperature and atmosphere 
The use of an appropriate solvent was crucial for obtaining high catalytic 
performance (Table 3.3). Under such conditions, the highest AP yield (>99%) was 
obtained by using n-hexane as the solvent (entry 1). Other non-polar solvents such 
as n-heptane, cyclohexane and toluene (entries 2-6) also exhibited higher AP yields 
than that of the polar solvents (entries 7-12). The use of non-polar solvents ensures 
no competition between the solvent and the substrate to adsorb onto the catalyst 
surfaces. Additionally, leaching of the active phase, as usually observed in highly 
polar solvents, can be minimized. A correlation plot between dielectric constant of 
the solvents and the product yields was shown on Fig. 3.2. It was clearly shown that 
the catalytic activity was gradually slow down by increasing polarity of the solvents. 
A reaction at the reflux temperature of n-hexane (342 K) was optimum for O2 to 
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diffuse into the solution and thus be available for reaction. Notably, a complete 
conversion was also obtained of the reaction at the reflux temperatures of n-heptane 
and cyclohexane (entry 3 and 5, respectively). The complete conversion at 342 K 
was an exceptionally lower reaction temperature compared with that of the previous 
work with an AP yield of only 12% under such conditions (solvent: toluene) [8]. 
Table 3.3 Solvent screening 
Entry Solvent Temp. /K Conv. /% Yield /% 
1 n-Hexane 342 (reflux) >99 >99 
2 n-Heptane 342 44 44 
3a n-Heptane 371 (reflux) >99 >99 
4 Cyclohexane 342 67 67 
5b Cyclohexane 353 (reflux) >99 >99 
6 Toluene 342 46 46 
7 Trifluorotoluene 342 16 16 
8 Acetonitrile 342 15 15 
9 2-Propanol 342 36 36 
10 Ethanol 342 26 26 
11 DMF 342 31 31 
12 1,4-Dioxane 342 35 35 
Reaction conditions: 1-PE/Pd=273; 1-PE, 25 mg; Pd-STO (12.5), 12.5 mg; solvent, 2 mL; O2, 
0.1 MPa (balloon); 342 K (n-hexane, refluxed); 24 h; MS3A, 100 mg. a Refluxed at 371 K. b 
Refluxed at 353 K. 
 
The Pd-STO perovskite showed catalytic activity even at temperatures as low 
as 298 K (Table 3.4, entry 1). The activity was increased by raising the reaction 
temperature and reached an optimum value at reflux conditions of 342 K (entry 4). 
At 323 K, we observed that the reduced catalyst also showed higher activity than 
the as-prepared catalyst (entry 6). Note that reaction under air (342 K, 24 h) 
demonstrated an AP yield of only 82% compared with the >99% for a reaction 
under O2. The reaction did not proceed smoothly under N2 (entry 4, in the 
parenthesis), which suggests the critical role of O2. A reaction at a much higher 
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temperature (383 K, toluene as solvent) also still exhibited a high AP yield (entry 
5), confirming the stability of the perovskite catalyst. 
 
 
 
 
 
 
 
Fig. 3.2 Dielectric constant of the solvents versus acetophenone (AP) yield. 
Reaction conditions: 1-phenylethanol (1-PE)/Pd= 273; 1-PE, 25 mg; Pd-STO(12.5), 
12.5 mg; solvent, 2 mL; O2, 0.1 MPa (balloon); 342 K; 24 h; and MS3A, 100 mg.  
Table 3.4 Effect of the reaction temperature and atmosphere  
Entry Temp. /K Conv. /% Yield /% 
1 298 19 19 
2 323 22 22 
3 333 56 56 
4a 342 (refluxed) 62(9) 62(9) 
5b 383 (refluxed) 49 49 
6c 323 36 36 
Reaction conditions: 1-PE/Pd=273; 1-PE, 25 mg; Pd-STO(12.5), 12.5 mg; n-hexane, 2 mL; O2, 
0.1 MPa (balloon); 4 h; MS3A, 100 mg. a The value in the parenthesis is of reaction under N2. b 
Solvent, toluene. c Reduced Pd-STO(12.5). 
 
Since a small conversion still be observed under N2 (Table 3.4, entry 4 
(parenthesis)), we presume that O2 probably originated from the perovskite. A gas 
consumption test revealed that O2 was consumed almost stoichiometrically to the 
substrate at ca. 1:2 (Scheme 3.4). However, for reactions under N2, the gas volume 
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did not significantly change (it should be increased, if oxidant-free dehydrogenation 
occurs). Some researchers reported that Pd has an oxidant-free dehydrogenation 
ability. Unfortunately, under anaerobic conditions, the adsorbed hydrogen (or 
degradation products) was ineffectively removed from the catalyst surface [6]. 
 
Scheme 3.4 Aerobic and oxidant-free (anaerobic) dehydrogenation of alcohols over 
the Pd-based catalyst. 
3.3.3. Time profile and hot filtration test 
The time profile for the oxidation reaction over Pd-STO(12.5) is shown in Fig. 
3.3. An induction period was observed during the first hour of the reaction time. 
This period is likely related to the reduction process by the substrate alcohol to 
generate the active phase Pd0. Afterwards, the reaction progressed in time and 
reached completion after 24 h. No further reaction was observed after hot filtration 
(no leaching of the Pd species) that proved unequivocally that the reaction 
proceeded via heterogeneous catalysis. An ICP analysis of the filtrate after hot 
filtration did not indicate Pd leaching. Additionally, the Pd content of the reused 
catalyst remains the same (Table 2.2). In the absence of molecular sieves (MS3A), 
the reaction rate was slightly lower especially after a 3-h reaction time. I 
investigated the competition between the substrate and the byproduct water to 
adsorb on the catalyst surface (Fig. 3.4). In the presence of water, the substrate was 
not effectively adsorbed on the catalyst surface thus lowering the reaction yield. 
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Fig. 3.3 Time profiles for the aerobic oxidation of 1-PE over Pd-STO(12.5) catalyst. 
Reaction conditions: 1-PE/Pd= 273, 1-PE, 25 mg; Pd-STO(12.5), 12.5 mg; n-
hexane, 2 mL; O2, 0.1 MPa (balloon); 342 K (refluxed); and MS3A, 100 mg. 
  
Fig. 3.4 (A) TG and (B) DTA plot of: (a) Fresh Pd-STO(12.5), (b) Pd-STO(12.5) 
+ water, (c) Pd-STO(12.5) + water + 1-phenylethanol (PE), (d) Pd-STO(12.5) + PE. 
In a typical adsorption test, Pd-STO catalyst (12.5 mg), n-hexane (2 mL), water 
(0.38 mmol) and/or PE (0.38 mmol), and magnetic stirrer were placed in a sealed 
vial. The adsorption test was carried out at 300 K for overnight. The Pd-STO 
catalysts were rinsed with n-hexane and then dried under vacuum. (GC analysis: 
PE concentration from (c) and (d) were decreased by 0.674% and 1.157%, 
respectively). 
 
 
(A) (B) 
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3.3.4. Substrate scopes 
Various secondary alcohols have been tested as a substrate (Table 3.5). Mostly, 
aromatic secondary alcohols such as 1-phenylethanol (entry 1) and benzoin (entry 
3) were easily oxidized compared with the others. In all cases, the selectivity to the 
corresponding products is almost 100%. I suggested that stability of the carbocation 
intermediate is highly pivotal for obtaining the high yield. An aromatic ring has 
ability to stabilize the adjacent carbocation over the resonance effect; thus the β-
hydride elimination step is much easier. In contrast, the substrates with alicyclic 
substituents such as cyclopropyl (entry 2) and cyclohexyl (entry 4) were not 
smoothly converted. Lower conversions were also observed for other secondary 
aliphatic/cyclic alcohols (entry 5-8). 
Table 3.5 Substrate scopes for the secondary alcohols 
Entry Substrate Product Conv. /% Yield /% 
1 
  
>99 >99 
2 
  
42 42 
3 
  
>99 >99 
4 
  
80 80 
5 
  
22 22 
6 
  
11 11 
7 
  
56 56 
8 
  
34 34 
Reaction conditions: Substrate/Pd=273; Pd-STO(12.5), 12.5 mg; n-hexane, 2 mL; O2, 0.1 MPa 
(balloon); 342 K (refluxed); 24 h; MS3A, 100 mg. 
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Due to the lower carbocation stability, primary alcohols were harder to oxidize 
(Table 3.6). The presence of an aromatic ring in benzyl alcohol (entry 1) leads to a 
higher yield, as mentioned above. The reduction treatment and the addition of a 
hydrogen acceptor such as cyclohexene (entries 2 and 3, respectively) could 
enhance the reactions. The complete conversion to benzaldehyde (entry 4) was 
obtained by the addition of K2CO3. By using TBHP as an oxidant, benzyl alcohol 
was exclusively oxidized to benzoic acid (entry 6). Neither the reduced catalyst nor 
the addition of a base could enhance the oxidation of the primary aliphatic alcohols 
(entries 7-9). In addition to carbocation stability, the primary aldehyde products 
may poison the catalyst by strongly adsorbing on the metal surfaces [9]. 
Table 3.6 Substrate scopes for the primary alcohols 
Entry Substrate Product Conv. /% Yield /% 
1   
38 38 
2a   
64 64 
3b   
55 55 
4c   
>99 >99 
5d   
0 0 
6e   
>99 0 
7 
  
7 7 
8a 
  
7 7 
9c 
  
7 7 
Reaction conditions: Substrate/Pd=273; Pd-STO(12.5), 12.5 mg; n-hexane, 2 mL; O2, 0.1 MPa 
(balloon); 342 K (refluxed); 24 h; MS3A, 100 mg. a Reduced Pd-STO(12.5). b Addition of 
cyclohexene, 1 mol eq. to the substrate. c Addition of K2CO3, 55 mg. d Cat: K2CO3, 55 mg. e 
Addition of TBHP (70% in water), 0.5 mL. 
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3.3.5. Recyclability test 
The Pd-STO catalyst could be easily separated from the reaction mixture by 
centrifugation. After being rinsed with n-hexane and dried under vacuum (at room 
temperature), the next reaction cycle was performed, as described above. The Pd-
STO(12.5) catalyst could be recycled at least 4 times without significant loss of 
activity (Fig. 3.5). The impregnated catalyst (imp-Pd/STO) showed poor 
recyclability which is likely due to sintering (or leaching) of the active species (see: 
Fig. 2.7). Therefore, the incorporation of Pd into the perovskite was critical to 
maintaining its performance. 
 
Fig. 3.5 Recyclability tests for Pd-STO(12.5) and imp-Pd/STO(12.5). Reaction 
conditions: 1-PE/Pd= 273; 1-PE, 25 mg; catalyst, 12.5 mg; n-hexane, 2 mL; O2, 0.1 
MPa (balloon); 342 K (refluxed); 24 h; and MS3A, 100 mg. 
The perovskite phase remained unchanged, even after the third run (Fig. 3.6). 
In fact, perovskite is well known for its durability, especially at high temperature, 
which is thus more applicable for industry [10]. The high recyclability of the 
catalyst is likely due to the incorporation of Pd into the perovskite, which prevents 
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leaching or Pd aggregation (which is commonly observed for supported Pd on 
conventional supports). This reversible process occurs easily because small Pd 
particles could be reduced or oxidized even at room temperature [7], [11]. The 
larger Pd particles on imp-Pd/STO were seemingly harder to be reduced (i.e. the 
active species is metallic Pd) thus lowering the catalytic recyclability. 
 
Fig. 3.6 Powder XRD patterns of Pd-STO(12.5): (a) fresh and (b) after the third run 
of the catalytic tests. 
3.3.6. Plausible mechanism 
Based on the results and discussion above, we proposed a plausible mechanism 
as shown in Scheme 3.5. The incorporated Pd is first reduced by the alcohols and 
then moved onto the perovskite face. This process produced aldehydes/ketones; 
thus, under an oxygen-free condition, a small amount of product could be detected. 
Meanwhile, Pd could promote oxidant-free dehydrogenation; however, the 
adsorbed byproducts could not be effectively removed in the absence of oxygen [6]. 
This phenomenon was also observed by Keresszegi et al. [12] with 10.7% of 
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conversion (Ar, Pd/Al2O3) and by Savara et al. [13] (N2, Pd/C). Grunwaldt et al. [6] 
proved by using in situ XAS (X-ray absorption spectroscopy) that “Pd0 is the active 
phase for aerobic dehydrogenation”. Interestingly, after being reoxidized by O2, the 
Pd0 on the surface could be reversibly reincorporated into the perovskite lattice, 
which will thus prevent leaching or sintering [14]. The lack of a significant 
inhibition effect of a radical scavenger (TEMPO, 1 mol eq. to Pd) suggests that the 
reaction did not proceeded via a radical mechanism. Bürgi et al. [15] reported the 
formation of a Pd-alkoxide intermediate by in situ ATR spectroscopy analysis. 
 
Scheme 3.5 A simplified mechanism for alcohol oxidation over the Pd-perovskite 
catalyst. 
Hydrogen abstraction from the alcohol will produce adsorbed hydrogen while 
the oxidation state of Pd was increased. The adsorbed hydrogen could also be used 
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for alkenes hydrogenation. We proved that aerobic dehydrogenation occurs by gas 
consumption testing as discussed above. The use of O2 as an oxidant is highly 
desirable in green chemistry [16]. Some researchers proposed that the adsorbed 
hydrogen could be oxidized by O2 to produce water. Oxygen could also remove the 
adsorbed decomposition byproducts, i.e., CO [6]. A considerable increase in the 
reaction by the addition of molecular sieves suggests its role is to absorb the water 
byproduct. Finally, Pd could be reversibly reincorporated into the matrices, thus 
maintaining its high recyclability. 
3.4.Conclusion 
Porosity of the Pd-STO perovskites play an important role for obtaining the 
high yield on alcohol oxidation with molecular oxygen. Both refluxing of the non-
polar solvents and addition of molecular sieves enhanced the reaction yield 
significantly. I demonstrated that the recyclability could be maintained by the 
incorporation of Pd into the perovskites.  
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Chapter 4 
Application to Suzuki-Miyaura Cross-Couplings 
 
Abstract 
The Pd-incorporated STO perovskite catalyst showed better durability for Suzuki-
Miyaura couplings compared with those of Pd-impregnated on conventional 
supports (imp-Pd/SiO2 and imp-Pd/Al2O3). The oxidation state and agglomeration 
of Pd nanoparticles are carefully examined by using XPS and TEM analyses. 
Various aryl halide and phenylboronic acid are successfully converted to the 
corresponding biphenyl products using this highly recoverable catalyst.  
4.1. Introduction 
4.1.1. Suzuki-Miyaura cross-couplings 
The Suzuki-Miyaura cross-coupling reaction (or Suzuki coupling) was first 
published in 1979. This publication described the synthesis of a few conjugated 
dienes using palladium tetrakis(triphenylphosphine) as the homogeneous catalyst 
(Scheme 4.1) [1]. At the time, this reaction was unique since the coupling of 
alkenylboranes with alkenyl halides had yet to be accomplished without the 
addition of stoichiometric amounts of an organometallic species. Furthermore, an 
aqueous solution of sodium hydroxide in THF or sodium ethoxide in ethanol was 
added to assist in the stereo- and regioselectivity of the catalyst. It was also 
discovered that the reaction would not proceed without the presence of a base to 
promote the cross-coupling reaction. The reaction was further optimized by using 
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1 mol% catalyst loading relative to the alkenyl halide in the presence of a slight 
excess of the organoborane. Ultimately, Suzuki et al. concluded this work with the 
speculation that this technique may someday be applicable to allyl, benzyl, and aryl 
halides [2]. 
 
Scheme 4.1. The original Suzuki-Miyaura cross-coupling reaction. 
The Suzuki-Miyaura reaction has become a mainstay of the modern synthetic 
organic chemistry for the preparation of biphenyl compounds. Biphenyl derivatives 
are important compounds for pharmaceuticals, including antimicrobial, antifungal, 
antidiabetic, immunosuppressant, anti-inflammatory, and analgesic compounds [3]. 
The Suzuki–Miyaura reaction is characterized by the cross-coupling of two aryl 
subunits, one from an aryl boronic acid or its derivative and the other from an 
organohalide or -triflate, to give a biaryl motif (Scheme 4.1). The relative reactivity 
order is as follows: R–I > R-OTf > R–Br >> R–Cl [4].  
Since the first appearance in the scientific community in 1979, the Suzuki-
Miyaura cross-coupling has received much attention, chiefly owing to its great 
versatility in the formation of CC bonds. The reaction is generally green, relatively 
easy to perform, and usually gives good yields and selectivities without much 
synthetic efforts. The use of organoboron compounds is itself an attractive factor 
because these compounds are prone to react through cross-coupling, are thermally 
stable and inert to water and oxygen, and tolerate various functional groups. This 
reaction become more popular to the scientific community with Akira Suzuki 
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receiving the joint Nobel Prize in Chemistry in 2010 for “palladium-catalyzed 
cross-couplings in organic synthesis” [5]. 
 
Scheme 4.2 The two main pathways proposed for explaining the role of the base in 
the transmetalation step of the Suzuki-Miyaura reaction [5]. 
Although the catalytic cycle of the Suzuki–Miyaura reaction is well established, 
the transmetalation step is still not completely understood and is currently a subject 
of controversy. It is in this phase of the catalytic cycle that the base plays its main 
role in the Suzuki coupling. Stoichiometric quantities of the base are necessary to 
conduct the reaction smoothly and with satisfactory yields. Also, the addition of 
NaOH or other bases greatly increases the rate of transmetalation between 
organoboron reagents and metal halides. The two main pathways that have been 
proposed to account for the role of the base in the Suzuki reaction (the base is 
considered to be OH but other bases are possible) as illustrated in Scheme 4.2. 
Recent studies support the path B mechanism by using ESI-MS (Electrospray 
Ionization-Mass Spectrometry) that detected the presence of R’PdIIX and borate 
intermediates in reaction mixture; however, the PdOH complex could not be 
detected [6]. 
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Scheme 4.3 Schematic representation of the general mechanism of the Suzuki-
Miyaura coupling reaction [4]. 
The general and widely accepted mechanism of the Suzuki–Miyaura reaction 
is depicted in Scheme 4.3. The first step is the oxidative addition of palladium 1 to 
halide 2 to form the organopalladium species 3. Reaction of the organopalladium 
species with a base gives intermediate 4, which via transmetalation with boronate 
complex 6 forms the organopalladium species 8. Reductive elimination of the 
desired product 9 restores the original palladium catalyst 1 [4]. 
4.1.2. Pd-perovskite catalyst for Suzuki-Miyaura reaction 
For the synthesis of symmetrical and nonsymmetrical biaryls, the palladium-
catalyzed carbon-carbon coupling reaction remains an important method, and a 
broad variety of homogeneous catalytic systems have been developed to achieve 
this transformation, mainly because homogeneous catalysts display high activity 
and are better defined and understood. Although homogeneous catalysts have many 
advantages, the complications regarding the separation and recovery of the catalyst, 
and product contamination with traces of heavy metals, could not be ignored, which 
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limit their applications in chemical and pharmaceutical industries, and become an 
issue of great economic and environmental concern especially for expensive and/or 
toxic heavy metal complexes. These limitations of homogeneous catalysis have 
resulted in the progress of new strategies for transition-metal catalysis which 
facilitate catalyst recovery and recycling. Recently, many recoverable, supported 
palladium catalysts have been reported to catalyze Suzuki–Miyaura coupling 
reactions such as polymers, biomaterials, porous silica, carbon nanotubes, polyurea, 
and natural phosphates. However, some supported catalysts which are known as 
heterogeneous catalysts, often resulted in a significant loss of catalytic activity 
when reused and leaching of transition metal during the reaction, and the nature of 
the true catalyst is still unclear [2]. 
Use of perovskite catalysts in a standard Suzuki couplings, between an aryl 
bromide and aryl boronic acid, showed that the reaction was catalyzed with similar 
rates by a wide range of perovskites containing 5 wt% of palladium. It also 
demonstrated that palladium was an essential component for successful conversion, 
and that the oxidized form of the perovskites worked better under the reaction 
conditions. Working with the best-performing catalyst, LaFe0.57Co0.38Pd0.05O3, 
Smith et al. [7] extended the perovskite-catalyzed Suzuki reaction to encompass a 
wide range of different substrates, including aryl iodides and bromides, heteroaryl 
halides and aryl and alkenyl boronic acids. The application of microwave heating 
also enabled coupling to aryl chlorides. The use of 4-methoxybromobenzene in the 
presence of 1.5 equivalents of phenylboronic acid under optimized reaction 
conditions (K2CO3 (3 equiv.), IPA-H2O 1:1 v/v, 353 K), led to 93% conversion. In 
such reactions, iodo, bromo, and chloroaryls were used as coupling partners. The 
reactivity was found to be low in the case of chloroaryl. The authors proposed that 
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the reaction involves the generation of a soluble, catalytically active palladium 
species desorbed from perovskite and probably redeposited after the reaction is 
complete (Fig. 4.1). 
Fig. 4.1 Proposed mechanism for catalytic activity of PGM perovskites in organic 
synthesis [8]. 
Perovskites are low-cost materials with high thermal stability and controllable 
physicochemical properties [9]. Platinum group metal (PGM)-containing 
perovskites are well known as “Intelligent Catalysts” due to the reversible 
incorporation of PGM, such as palladium (Pd), into the perovskite matrices. This 
reincorporation could maintain the high dispersion and prevent leaching or 
aggregation [10]. Pd-perovskite catalysts are widely used for various organic 
reactions, including Suzuki couplings [11]. However, Pd-perovskites are still 
synthesized by conventional solid-state [12], co-precipitation [13], sol-gel (Pechini) 
[14], or alkoxide [15] methods, which require calcination at an extremely high 
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temperature (≥873 K), and it can be difficult to control the morphology using these 
methods. 
Unlike the abovementioned conventional methods, hydrothermal methods 
have rarely been studied for Pd-perovskite fabrication [16]. The benefits of this 
method are numerous including the ability to control size and morphology, low-
temperature crystal growth, and no calcination required [17]. In this work, we 
successfully prepared Pd-STO (STO = SrTiO3) with a tuneable morphology via a 
low-temperature hydrothermal treatment (i.e., 373 K) without any calcination. The 
Pd-STO catalyst also showed better recyclability for Suzuki couplings than did Pd-
impregnated on SiO2 and Al2O3. 
4.2. Experimental 
4.2.1. Chemicals 
2-propanol (i-PrOH) (99.77%), 1,4-dioxane (99.5%), KOH (85%), K2CO3 
(99.5%), Na2CO3 (99.8%), a-Al2O3 (90%), and trans-decahydronaphthalene 
(decaline) (97%) were purchased from WAKO Chemicals. Fumed silica (SiO2) was 
purchased from Aerosil®. Aryl halides and boronic acids were purchased and used 
as received from either WAKO Chemicals or Tokyo Chemical Industry (TCI). Pd-
STO(x) perovskite was prepared as described in the previous chapter. The 
conventional catalysts (imp-Pd/Al2O3 and imp-Pd/SiO2) were prepared by an 
impregnation method with the same Pd loading. After impregnation at 298 K for 24 
h (in ethanol), the Pd-impregnated catalysts were dried at 348 K overnight and then 
used without any treatment. 
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4.2.2. Catalytic test 
Typically, a Schlenk flask was charged with 12.5 mg of Pd-STO catalyst, 0.2 
mmol of 4-bromoanisole, 0.3 mmol of phenylboronic acid, 0.4 mmol of K2CO3, 
decaline (internal standard), and 2-propanol/water (i-PrOH/H2O, 1:1 v/v). The 
Suzuki coupling reactions were carried out at 353 K for 30 min (open air). The 
products were extracted with n-hexane (2 mL) and then analyzed by gas 
chromatography (GC Shimadzu GC-14B, InertCap-624 capillary column) and 
confirmed by mass spectrometry (GC-MS Shimadzu QP2010 Plus). The spent 
catalyst was rinsed with i-PrOH and the next reaction cycles were performed as 
described above. 
4.3. Results and Discussion 
4.3.1. Catalytic test 
The Pd-STO perovskites showed outstanding catalytic activity towards Suzuki 
couplings and provided 100% selectivity (Table 4.1). The highest yield of 4-
methoxybiphenyl was obtained using the mesoporous Pd-STO(12.5) perovskite 
(entry 2). Therefore, further studies were performed using Pd-STO(12.5) as the 
catalyst. No further reaction after a hot filtration test confirmed that negligible Pd 
leaching occurred (Table 4.2, entry 12). Further poisoning or leaching tests for Pd 
are interesting for the next study as described previously [20]. Additionally, the use 
of a weak base, such as K2CO3, gave a higher yield of biphenyl than that obtained 
with KOH (Table 4.2, entries 1-3). The reaction also occurs rapidly with a turnover 
frequency (TOF) of 7,371 h1 in 2 min of reaction. 
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Table 4.1 Catalytic test of the Pd-STO perovskites 
 
Entry Pd-STO(x)a Conv. /% Yield /% TON TOF /h
1 
1 Pd-STO(5.0) 97 97 265 530 
2 Pd-STO(12.5) 99 99 270 540 
3 Pd-STO(25.0) 95 95 259 518 
4 STO(12.5) 0 0 0 0 
5b Pd-STO(12.5) >99 >99 273 546 
Reaction conditions: 4-bromoanisole (BA), 0.2 mmol; phenylboronic acid (PA), 0.2 mmol; 
mol BA/Pd= 273; catalyst, 12.5 mg; K2CO3, 0.4 mmol; i-PrOH/H2O, 1:1 v/v; 353 K; 30 min. 
a x= [H2O]/[NH3]. b mol BA:PA= 0.2:0.3. 
 
I observed that the complete conversion of the 4-bromoanisole (>99%) could 
be achieved by using excess phenylboronic acid (Table 4.1, entry 5). The Suzuki 
coupling products could be easily extracted with n-hexane, while the excess boronic 
acid or base remained in the water layer. Various aryl halides and boronic acids 
could be easily converted into the respective biphenyl species with remarkable 
yields (Table 4.3, entries 1-9). Aryl chloride, aliphatic alkyl bromide, 
heteroaromatic and methylboronic acids (entry 10-13) were almost inactive. The 
transmetalation step is seemingly hardly proceeded using these compounds due to 
the stronger CCl or CB bonds. The coupling products (i.e., biphenyl derivatives) 
are important compounds for pharmaceuticals, including antimicrobial, antifungal, 
antidiabetic, immunosuppressant, anti-inflammatory and analgesic compounds [3]. 
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Table 4.2 Optimization for the Suzuki coupling reactions 
 
Table 4.3 Substrate scopes for the Suzuki couplings 
  
 
4.3.2. Durability test 
The Pd-STO perovskite showed higher recyclability than the conventional 
catalysts (imp-Pd/Al2O3 and imp-Pd/SiO2) (Table 4.4). The poor stability of the 
conventional catalysts is likely due to Pd sintering since Pd nanoparticles can easily 
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aggregate (Fig. 4.2b). The aggregation of Pd was negligible in the reused Pd-STO 
perovskite (Fig. 4.2d), confirming its high stability for Suzuki couplings. The 
perovskite phase remained unchanged even after the third run of the catalytic 
reactions. 
Table 4.4 Recyclability test for the catalysts 
Entry Catalyst 
BP yield /% 
Run 1 Run 2 Run 3 
1 Pd-STO(12.5) >99 99 97 
2 imp-Pd/Al2O3 >99 98 87 
3 imp-Pd/SiO2 >99 99 70 
Reaction conditions: bromobenzene (BB), 0.2 mmol; phenylboronic acid (PA), 0.3 mmol; 
mol BB/Pd= 273; catalyst (Pd 0.64 wt%), 12.5 mg; ; K2CO3, 0.4 mmol; i-PrOH/H2O, 1:1 v/v; 
353 K; 30 min. BP= biphenyl. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2 TEM images of (a) imp-Pd/Al2O3, (b) reused 3x imp-Pd/Al2O3, (c) Pd-
STO(12.5) and (d) reused 3x Pd-STO(12.5). Scale bar = 50 nm. 
Due to the incorporation of Pd into the perovskite, the XPS Pd 3d5/2 peak 
intensities of the Pd-STO were very low, as shown in Fig. 4.3a (BE Pd(0): 335.2 
eV, Pd(II): 336.9 eV) [21]. In contrast, the Pd peak intensities of imp-Pd/Al2O3 were 
50 nm 
(a) (b) 
(d) (c) 
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much greater because the Pd particles were mainly on the Al2O3 surfaces. After the 
catalytic tests, the Pd(0) particles on the imp-Pd/Al2O3 were almost completely 
oxidized into Pd(II), which is less active in these reactions. Conversely, the Pd(0) 
phase remained unchanged on the Pd-STO perovskite. Based on this results, the 
durability of the Pd catalyst could be maintained by the incorporation of Pd into the 
perovskite using this facile preparation method. 
 
Fig. 4.3 XPS spectra of (a) Pd-STO(12.5), (b) reused 3x Pd-STO(12.5), (c) imp-
Pd/Al2O3 and (d) reused 3x imp-Pd/Al2O3. 
4.4. Conclusions 
In summary, the Pd-STO perovskite synthesized by this novel and low-
temperature hydrothermal method showed high catalytic activity and stability for 
Suzuki-Miyaura cross-couplings. By changing the H2O/NH3 ratio, I can prepare Pd-
STO with various morphologies that are important in catalysis. The incorporation 
into perovskite was proved to be effective in enhancing the durability of Pd catalyst. 
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Chapter 5 
Summary 
5.1. Summary 
In summary, Pd-containing perovskite catalysts (Pd-STO) with tunable particle 
sizes and porosities have been successfully synthesized via a low-temperature 
hydrothermal method (373 K) without any posterior calcination. Porosity of the Pd-
STO perovskites play an important role for obtaining a high yield of the desired 
products in aerobic alcohol oxidations and Suzuki-Miyaura cross-couplings. All of 
the organic transformations were smoothly proceeded at relatively mild conditions 
(342 K). In the case of alcohol oxidations, both refluxing of the non-polar solvents 
and addition of molecular sieves enhanced the reaction yield significantly. I 
demonstrated that the Pd-incorporated perovskite (Pd-STO) showed higher 
durability compared with those of Pd-impregnated catalyst on conventional 
supports for such reactions. The high recyclability of the Pd-STO catalyst is likely 
related to the inhibition of Pd nanoparticles agglomeration. The strong interaction 
with the perovskite can also prevent leaching or the change of Pd oxidation state. 
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No significant leaching of Pd species from Pd-STO perovskite suggested its 
high stability even in a highly polar solvents such as water. There are no change in 
crystallinity and morphology of the Pd-STO perovskite catalyst after the catalytic 
reactions confirming its high stability. The application in these organic syntheses 
was important for future developments of perovskite catalysts that are still 
commonly used in gas-phase reactions at high temperatures. I believe this facile 
hydrothermal method of the Pd-STO perovskites could be applied for the 
fabrication of other transition metal-contained perovskite catalysts.  
5.2. Future Outlook 
Through this novel and facile preparation method, I hope perovskite-based 
catalysts for liquid-phase organic reactions will attract more attentions from 
researchers in the future. I convinced various perovskites with tunable 
morphologies and various compositional structures can be easily prepared using 
this low-temperature hydrothermal method. The catalyst durability can also be 
considerably boosted by the incorporation into perovskite matrices that are crucial 
in heterogeneous catalysis. Additionally, acid-base properties may also of great 
importance for future development of perovskite catalysts. 
